Studies were carried out on the temperature-dependent kinetic properties (K,, Ql,,, E,, thermostability) of alcohol-dehydrogenase allozymes from D. melanogaster. It was shown that there is a parallelism between the biochemical properties of the enzymes and the behaviour of the genes in natural and cage populations. Furthermore, the relationship between the temperature-dependent kinetic properties of alcohol dehydrogenase and assay temperature was examined in three tropical and two temperate Drosophila species. K, patterns were similar among species from the same habitat and different between habitats. No such parallelism was seen with respect to thermal inactivation. The Qlc values in general reflected temperature-dependent changes in K,. It is discussed that the mechanistic connection observed between the biochemical and population levels (intra-and interspecifically) strongly suggests that temperature acts as a selective factor on the structural Adh locus in the genus Drosophila.
Introduction
Alcohol dehydrogenase of Drosophila has been studied extensively in the past, in an attempt to elucidate the factors that regulate the enzyme variation and adaptation (for review see Clarke, 1975) . However,thelong-standingdebateaboutthecauses of enzyme variation persists. As we know Drosophila is a terrestrial poikilothermic system. Thus, one could propose that temperature is fundamental to Drosophila adaptation. Temperature-related clines of Adh alleles have been reported in the two common Adh alleles ( Ad@, AdhF) of D. melanogaster, from three widely separate parts. of the world [(Grossman, 1967 (Russia) ; Vigue & Johnson, 1973 (U.S.A.); Pipkin et al., 1973 (Mexico) ] and comparable changes were found in our laboratory (cage) populations maintained at different temperatures (25-18 "C). The AdhF allele was found in higher frequency in cooler conditions than the AdhS allele. On the onther hand the AdhS allele exhibited higher frequencies in warmer temperatures and could be described as a 'warm' allozyme. This observation encouraged me to investigate the temperature-dependent kineticproperties( K,, Qlo, E,, thermostability) of Adh alleles, in an attempt to find out whether there are parallels between the biochemical properties of the enzymes and the behaviour of the genes in populations. Such correlations could be considered as strong evidence for selection. Furthermore, any convergence in Adh function among species inhabiting similar habitats (i.e. tropical versus temperate Drosophila species) would strengthen the evidence for selection. I present here such evidence based on an evolutionary pattern of coincidence.
Material and methods
Experimental organisms I examined three tropical species (D. willistoni Genetica 59,81-87 (1982 Alahiotis & Pelecanos, 1978) . The strains of D. melanogaster used for enzyme preparation were: Canton-S, homozygous for the slow allele (AdhS), and a strain homozygous for the fast allele (AdhF) isolated from the 1C cage population and maintained in homozygous condition over four years. Heterozygotes were constructed from the tw? homozygotes.
Enzyme preparation and assay techniques
Partially purified enzyme was used, taken after homogenizationofflies(4-1Odaysold)(150mg/ml) in 0.15 M phosphate buffer pH 8.0, (NH&SO, (40-70s) fractionation and purification in a small Sephadex G-25 column. One ml assay mixture contained 0.15 mM NAD, 0.15 M phosphate buffer pH 8.0,30 ~1 enzyme preparation and various concentrations of ethano1(2.4-48 mM). Assay temperatures were maintained in the cuvette chamber by a Haake circulating water bath. The velocity of the reaction was recorded in a Gilford 250 spectrophotometer at 340 nm. Apparent K, determination For estimating kinetic parameters, five substrate concentrations were assayed (in 3 or 4 separate experiments) at each of four temperatures. V,,, and K, values were determined from 1 /S vs 1 /v plots using a computer programmed regression analysis.
Heat inactivation test
For the thermal stability studies crude extracts (obtained from each of the species examined) were used. The homogenates were centrifuged at 20 000 g for 20 min. The supernatant was then passed through a filter (Gelman Instrument Company) and the resulting clear solution was incubated in individual tubes kept in a water bath (39 "C) for various times. Samples were removed from the water bath cooled on ice and assayed for Adh activity.
Cage populations
Four cage populations maintained under different temperatures (two by two) were investigated in terms of Adh allozyme frequency differentiation in D. melanogaster. The experimental technique followed in the present study as well as the basic stocks and the method used for setting up the populations have already been described in detail (Alahiotis, 1976; Alahiotis et al., 1976; Alahiotis & Pelecanos, 1978) . Briefly, the populations 1 A, 2A, 1 C and 2C were studied. The replicated populations 1A and 1C originated from a common gene pool of 600 parents collected from a Cephalonia(Greece) natural population, while the replicated populations 2A,2C,originatedasabove,fromaGavros(Greece) natural population. Consequently, we may regard the populations of each series 1 A, 1 C or 2A, 2C as possessing practically the same gene pool at the time of their origin. Populations 1 A and 2A were maintained at 25 f 0.5 'C, 43 f 4% relative humidity in a relatively poor standard cornmeal-sugar agar food medium (in comparison to the rich dead yeast-suger-agar one; Alahiotis, 1976) , while populations 1 C and 2C were maintained at 18 f 0.5 'C, 43 f 7% relative humidity and in the same food medium as 1 A, 2A. The frequencies found in the two Greek natural populations were used as the initial allozyme frequencies in the cages. These frequencies were nearly similar. The duration of each generation was found to be 15 days for populations 1 A and 2A and 23 days for populations 1 C and 2C.
Results and discussion
The Adh in D. melanogaster Kinetic properties; Michaelis constants Figure 1 summarizes the relationship between K, values and assay temperature for the Adh genotypes (F, FS, 5') of D. melanogaster. The so called 'cool', AdhF allozyme exhibits a temperature-dependent pattern in which increased substrate affinity and temperature were inversely related. This type of pattern has been referred to as 'positive thermal modulation '(Hochachka& Somero, 1973) , a mechanism by which, it is thought, reaction-rate constancy is maintained over a range of environmental temperatures (Hochachka & Somero, 1973 
QIO
From the kinetic data temperature coefficients (Qru) are determined at three 10 "C temperature intervals, and at three substrate concentrations. As one can see from Table 1 , Q10 values are generally lower at below-substrate saturation conditions (4.8 mM ethanol) than those at saturating concentrations of substrate(48 mM ethanol), where Km is unimportant in determining reaction velocity (Somero, 1969) . Furthermore, on the basis of'positivetherma1 modulation' model, and below-saturation concentration of the substrate the Q10 values of the enzyme extracted from the AdhS genotype increased at higher temperatures (25-35 "C) with decreasing Km values, while the opposite situation occurred for the enzyme from the AdhF genotype. 
(2)
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Thermostability
The heat-inactivation test (Fig. 2) revealed that the 'warm' allozyme, AdhS is more stable than the 'cool' one (AdhF) at 39 "C, as has been reported before (Gibson, 1970; Day et al., 1974) . The differences found were quite reproducible.
Allozyme-frequency survey in cage populations
The correlations observed between the kinetic properties of the Adh alleles (Km, Qto, thermostability) and the temperature-related clines in natural populations (Pipkin et al., 1973) , were reinforced by the behaviour of the Adh allozyme frequencies, scored in cage populations maintained under different temperatures over about 30 generations. It is clear from Figure 3 Relative Humidity, standard food medium) over five years, revealed analogous allele-frequency differentiation (unpublished data). It must be noted that populations with the prefix 1 or 2 originated from the same gene pool respectively; -(3) Since linkage disequilibrium between Adh alleles and In(-2L)22D-34A exists in populations of D. melanogaster (Alahiotis et al., 1976; Alahiotis & Pelecanos, 1979 ) one could argue against the effect of the temperature as mediating factor of the Adh allozyme frequencies. However, in a recent paper(Alahiotis 8z Pelecanos, 1980) we succeeded in evidencing that there is a similar association of Adh allele frequency with temperature in populations either with many second-chromosome (2L) inversions or with high frequencies of In(2L)22D-34A. Moreover, Voelker et al. (1978) , came to the conclusion that the Adh allozyme-inversion association is not entirely responsible for the Adh cline in natural populations.
The limited impact of random genetic drift on allozyme-frequency differentiation in several other replicate populations has been discussed by Alahiotis and Pelecanos (1978) . We can simply summarize that in the populations studied here the effect of drift is not expected to be important for the following reasons: (1) The population size is large; the maintenance of a high frequency of lethal-bearing chromosomes (0.30-0.40; Alahiotis, 1976) in replicate populations supports the existence of a relatively large effective population size (the same is true at least in one of the natural populations from which the founders were captured); -(2) The finding that changes in gene frequencies under the same environmental conditions were similar in duplicate populations; -(3) Consecutive generations overlap each other extensively; -(4) The samples studied (100-700 flies) were large.
It should be noted that a major part of the frequency differentiation took place during the early generations in the populations examined. All populations were maintained under the influence of unfavourable environmental conditions (poor food medium, low temperature).
Hence, another parameter which must be taken into consideration is the high selection pressure, which perhaps decreases the Ad@ frequency in all populations.
The Adh in the genus Drosophila Starch-gel electrophoresis;
heat-inactivation test; Michaelis constants
Next we investigated the kinetic properties of alcohol dehydrogenase in the genus Drosophila. Three tropical( D. willistoni, D. equinoxialis, D. arizonensis) and two temperate species (D. virilis, D. americana) were examined. The electrophoretic mobilities of the enzyme were indistinguishable between the sibling species D. americana -D. virilis and D. willistoni -D. equinoxialis. Heat-inactivation studies, however, revealed reproducible differences between these species (Fig. 2) indicating once more the insensitivity of electrophoresis in detecting protein-sequence differences (Bernstein et al., 1973) . The order of heat stability among the species was not related to habitat temperature. Figure 4 presents data comparing the Km-temperature patterns for the three tropical and two temperate species. In the temperate species, Adh exhibits the typical pattern of positive thermal modulation, like the AdhF pattern. It must be noted that all the temperate enzymes examined so far (cr-Gpdh, Alahiotis et al., 1977; Ache, Alahiotis & Berger, 1978; Idh, Alahiotis & Berger, 1978; Mdh, Alahiotis, 1979) examined. The Km values of D. willistoni seem to be insensitive to temperature. It seems that positive thermal modulation is characteristic of the temperate species, while negative thermal modulation (o-Gpdh, Alahiotis et al., 1977; Ache, Alahiotis & Berger, 1978; Adh) or weak positive thermal modulation (Mdh, Alahiotis, 1979; Idh, Alahiotis & Berger, 1978) characterizes the tropical species. Robert and Gray (1972) , for all species (including the two strains of D. melanogaster) and found to be similar (Ea = 9.08 kcal/ mol; Table 2 ). Temperature coefficients were determined at three 10 "C temperature intervals at three substrate concentrations, in order to see the extent to which the K, values reflected in rate. Table 1 shows that Qlu values for tropical species are generally higher in higher temperatures where substrate affinity increases. The opposite situation appears to occur for the temperate species, as could be predicted (Hochachka & Somero, 1973) . Additionally, as it has been proposed (Hochachka & Somero, 1973; Somero, 1969 ) the Ql,, values are generally correlated with the substrate concentration, although some exceptions were noted. The above situation is parallel to that observed for the 'cool-warm' allozymic system of D. melanogaster.
Concluding remarks
In this paper I studied the function of the enzymes extracted from three tropical and two temperate species as well as from three Adh genotypes of the cosmopolitan D. melanogaster. The general patterns of K, and Qlc versus temperature are in good correlation with the geographic origin rather than with the phylogeny of the species examined. The same is true for all enzymes so far examined (Alahiotis et al., 1977; Alahiotis & Berger, 1978; Alahiotis, 1979) .
Although the intent of my study was to determine whether adaptive biochemical differences exist in allozymes or homologous enzymes at the Adh locus, the test itself is biased since in-vitro studies on enzymes always suffer the onus of representing values obtained under nonphysiologicalconditions. We don't know intracellular enzyme or substrate concentrations.
We cannot say with any certainty how these kinetic differences translate into physiological differences in vivo. Moreover, we cannot exclude, ofcourse, the possibility that factor(s) other than temperature, such as gene regulation (McDonald et al., 1977) , or different post-translational modification could also influence the function of the Adh locus. However, the strong mechanistic connection observed between the biochemical and population levels (in natural and cage populations, as well as intra-and interspecifically), suggests that temperature acts as a selective factor on the structural Adh locus in the genus Drosophila. Although the model described here is certainly speculative, it is clear that correlations can be made between environmental patterns and kinetic differences. and kinetic differences.
